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Modular Coils for the Plasma Experiment
Wendelstein WVII-AS

The Max Flanck instituie for Plasma
Physics in Garching, Federal Repub-
fic of Germany, Is currently buitding a
large Iaclitty for nuclear fusion exper-
imenis. in these expeorimenis a new
type of coil system will confine
the high-temperature plasma by
means of magnetic forces, therehy
keeping It away from the surround-
ing walls. The article reports an ihe
design of these coils, which have a
vary compiicated shape, their manu-
facture, and reigted problems that
had to be overcoma.
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All over the world today remengous
ellorls are being directed towards con-
slruction af an eccnomically viable
nuclear fusicn reactor. Large experi-
menial facilities aimed al turning the fu-
sion procass into ecenamic reality are
currantly in gperalion, under construe-
tion gr at the ptanning slage. The Max
Pianck Institute for Plasma Physics in
Garching. Federal Republic of Ger-
many, is building & large facitily [or the
stellarator experiment WvII-AS which,
as a step lowards conirofled fusion,
will be used tn test both physical and
tachnical aspects. For this experiment
an innovatory coil system is employed,

The purpose of lhe coil system is to
cenfine the high-temperature plasma
within a magneic lield and thus keep it
away from the surrounding wails [1-8}.
Plasma physics dictates that the mag-
netlz field confining the toroidal plas-
ma musi have atwisted shapes.

In conirast to earier caoil systems,
this twisted magnetic field is achieved
by specially formed coils (Fig. 1) The
cail shape chosen offers the foliowing
advantages:

— It reduces tha various coll systems
to e coil sel.

-~ It facilitates a modular canstruction,
which 15 relevant to the regctor's de-
sign.

- K provides good aceess to the pias-
ma space, thus alering more favour-
able experimental candilions.

- It avoids the previous halical shape,
resulting in improved piasmavessei
conditions.

These advantages sre gainad at the
expense of the cail's complicated
geometry, which requires a high me-
chanical sirangih of bath the coil and
ihe materials employed. The forces
crealed by the magnetic field configu-
ralion have an addifive effect, leading
to bhigh combined stressing of the
coils.

Coail Concept

Before ile conlract for the manufac-
ture of a prolotype coil and 45 serias
modular coils was awarded, 2 fossibiii-

Fig. 1 - Coil arrangement for the plasma experiment Wendelstein WAAS
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- : Fg. 2 - Coll crosu-geations showing the
structure of the burddles with strandaed
wires and hallow conductors. The siranded
wires edch conkiat of 150 strands,

B 0-8 mm it diamalar, with a strangth
correspoanding to F30.
O O. O O A = Bundipcrass-sachen of small eails
T [ [ B = Bundle cross-sechion of large coils
PR G b E Y] T L ~ Strandedwirss
. | i 1 _ ]
et 74 % &-ﬁ‘ R K = Hollew conductors far cooling
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Fia. 3 - Nominal shesr strangth, detar-
mined by dynamic tegts camried out on
the stranded wire bundie

I = Numbero!cycles
r — Shearsirenglh
f — Teslirequency 0-25 Hz
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Technical data of the modular colls used in the Wendalstein project WVH-AS ty study was ¢arried out. This included
an investigation of the manufaciusing

ndividual cails requirements for coils with such a
complex geornetry. A practicahle con-

Coils 14 Coll 5 ) )
cept with a flexible bundle of stranded

Naminal current (ka) 37 a7 wires was subsaquently developed in
Max. terrninal vahtage {hev) o1 o8 which hollow copper conductors, em-
Max. conducrar o sarth vollage {(kV) 4 4 bedded inthe bundle, provide cooling,
Nominal current density (latiop range) (Armm®) a0 40 The hollaw conducters. which are
Numper of tums 16 40 far more riaid than th h'. h th
Mean turn circumference (m 36 436 ofeé ngia than the hig -.'Istreng.
Max, overalt pulse duraton (=) 135 135 stranded wires, musl be available in
Min, cycle durstion (=) 210 210 the sofi state to enabls them fo be
Cold-walar lamperaiure {"C) a7 27 shaped as required. Imponant [lea-
Max. sirand tamperalure (calcuiated) =] 682 64 : )
Flowe rata i) c 5y twesofthechosenconcept are:
Operaling pressura drop {bars} 165 29 - lor i ing;
Nominal pressure {bars) 25 40 Low 3;:5 r equired for. jShipng!tEe
Testprossura {bars) a0 50 Stran wires are easily shaped by
Coil waight {kg) 620 1460 hand
Space facior lor stranded wirss (%) >B1 =8l ~ Minimum tendency for the shaped
S“’B'?" space lactar” (*:nz >635 »652 turns ta return to a planar form

ominal cross-section of bundle {mm=) 55 2 | — Minimum “frazen' mechanical
- Formaximum cail cross-seclion and far stranded wires and hollow conduciors stresses a5 3 result of the winding

with nominal dimeansions procedure
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The coil eonfiguration used lor the
experiment is basad an a design with
live modules, Within a module thers
are eight (4 =2} identically shaped
coils and ane larger ¢oil in asymmetric-
ai arrangement. Consequently, five dif-
ferent types of coll and their respective
forming tools had to ba manufaciured.

The conductor crosa-sections
showrnin Fig. 2{9 stranded wires and 3
hollow conductars for the small coils,
and 8 stranded wiras and 4 holow
conductars for the large cails) ensure
gnad disiribution and uniform cocoling.
When the colls are operated with a cur-
rcnt of 37000 A for the imes and inter
vals shown in [he Tabis, the coil term-
perature rises 10 an acceptahla valus
notexceaeding 86 °C.

The coils’ very high mechanical
slrenglh is achievaed by means of the
siranded-wire design and Brown
Boven's ORLITHERM® syslem of insu-
Jalion, in which desized glass labric is
combined wilth a highly flexible epoxy
resin, The stranded wires and hollow
conduciors are banded hy hardening
at high temperature in a vacuum pras-
sure process, resulting In a compact
and rigid whole.

Comprehensive testing of the mate-
rials confirmed the high dynarmic shear
sirength ofthe coils (Fig. 3)

Coil Design
and Manufacture

The coil design is based on a
double pancake winging. In this con-
figurartion, the siranded wires are con-
tinuously wound, starting al the iran-
sifion from the first o the secand pan-
cake. This mehod requires the maieri-
al for the second pancake to be fed to-
gether with the material of the first pan-
cake in order to avoid any mechanical
connection of the stranded wires be-
tween the first and secand pancake,

8rawn Baveri used combined wing-
ing and baking moulds to manufaciure
the coils (Fig. 4). |l is vpon the pre-
cisian afthese ieols that lhe exaciness
of the coils mainly depends. The wire
undles are wound into the moulds in
& continuous process, without any ma-
or winding tension. The individual
stranded wires are wrapped in glass,
with the bare hollow cenductors lying
between them. The um insulation is
inserted during winding of the bun-
dles.

Animpertant fgature of the pancake

+49 89 3299 1212
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Fig. 4 - Twisted shape of the madular colls used In the Wendaistein WVL-AS plasma

windings' manutacture is their rigidity.
This is achieved hy each pancake
winging being bonded after being
wound. The bonding process must not
impair lafer impregnation of the coil,
which 15 why ihe furn insulation is a
pre-impregnated glass iabric.

The outer insulation is applied be-
fore the vacuum pressure impregna-
tion with ORLITHERM resin [7]. In this

procass, the eails fie freely autside of
the mould, without any suppolt. After
tinal insulation the coils are vacuum
praszura impregnated and baked in
the moulds.

Four of the fve cooil types wara
measured on a 30 machine to deter-
mine deviations from the reference
contour, Atatal of more than Y00 meas-
uring points {per coil: 2 ¢oll sides an 2

Fig. 5 - Instaliation for winding the modalar coifs. In the lereqround is the combined

winding and heking moauld.
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measuring lines) vielded the following
jnlermnces:

Tolerance for coil shape

and position <E3mm

Relative loterance for shape

and position of coils with

respectioone another <%x1mm
" Dimensional tolerance

of coil cross-section +0-5 mm

Coil Forming Tools

The concept chosen tor the coil
tools s of technical and economical
imperianca forthe coil manufacture.

Figure 5 shows a complete winding
ling with Lhe rolatable and pivotabie
winder, an which the combined wind-
ing and baking mould iz moynted, the
material storeffeeder and the mobile
material reels.

+49 89 3299 1212

The tools are extremely important
as they detarminathe acouracy of both
the colls’ shape and dimensions/toler-
ances, as well as tha time reguirag for
manufaciure and the winding se-
quence. Brown Bovent chose a com-
bined winging and baking mowd for
each of lhe coil types, The winding
process begins with the mould being
dismantled to obtain the shape re-
quired for the winding core. Following
this, the dismantled paris are refltied
and the mould closed on all sides for
the prestrengihening, impregnation
and curing processes.

So-called ‘master models—piastic
models with the maximum coi! dimen-
sions—are used to manufacture the
tools (Fig. 8) These master modsls
were initially very difficult to make and
required extensgive tesiing in order o
achieve an acceplable degree of accu-

racy.

Pig. & = Piastic master model used a
a baxia fow 1oal manulacture

The coils aredescribed mathematic-
alty by the four corners of the coil
cross-seclion, lorming 48 parts over
the periphery. The individual sides of
the coll were developed on & single
plane using computer-aided design
and laking account of the thickness of
the plastics material used. The plastic
pans were manufactured using an N/C
lzser cuttar.

The auter contours of the ¢oils were
obtained by joining the lour plastic
pars (coresponding o the Coil sides)
with the aid of apprapriate suppariing
plaies. These plates always have the
same dimensions (the coil cross-sec-
tion is constant}, and are riveted to the
laur plastic sides. This mathod of man-
uiacture cnsured a tolerance lor the
masler models (shape and position) of
& 2 mm, rcierred to the referanss con-
towr.

Manuiacture of the forming lools be-
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gan with a wooden model, shaped 1o

the required tool form of the masgier
model. A gap of approximately 10 mm
between the master model and the
wooden model takes account of dis=-
tortion and shrinkage of the cast steel
mould. The remaining gap between
the master modet and the steel mould
is filled with & synthetic matesial. Since
ihis synthetic material is poured inta
the gap, the mastar madel's shape is
transfarrad to the tool with high pre-
cision. Good contact beiween the
plastic coating and lhe staeél mould is
ensured by indenlation, providing a
bond capable of withstending the ex-
pecied sressas.

The ools zre divided into several
tight and casy lo assemble saclions.
Compression of the coils is also im-
proved by this method.

Materials Testing,
Strength Testing
and Other Tests

Ta confirm the cails’ ability to wité-
stand high stresses, it was necessary
fc carry out materials tests in great
number befors and during manufzc-
ire.

Freliminary Tests
The comprehensive test pro-

gramme undertaken ranged irom tests

on individuatl stranded wires through
tasts on bundles to tests on the as-
sembly with its nominal dimeansions
{beam with coil cross-section).

The Max Planck Instilute carmed out
mechanical and elegtrical tests on 3
pratotyee coil. Thesa included atestin
which the coil was subjected 1o cur-
rents Up 1o 54 KA at 400 V (the nominal
sirass is 37 KA at 100 V). Only an ap-
proximate simulation of the higher
shaar stress expecied laterwas possi-
ble. To achieve full loading, it would
have been nacessary to know all inter-
actions of the magnetic fields acting in
the coil s&t; this state, however, can
conly be abtained with the final experi-
mertal set-up.

Tesis During Manulaciure

All eoils ara put through a compra-
hensive elactrical test programme
both during manufacture and when fin-
ished. Brown Boveri test the mechan.
ical strangth ot the: ¢oils on the basis of

+49 89 5299 1212

samples taken during mamifaciure,
this strength depending particulary on
the quality of the stranded wire. Sam-
ples af lhe individual delivery balches
are \herefore processed under manu-
{acturing condilions.and testad before
produciion begins. Samples ofthe ma-
tenals used in each of the coils are al-
so tested parallel to the manufacturing
procass.

Outlook

Brown Boveri have already detv-
ered most of the coils o the Max
Planck Insfilute, where aceceptance
lests have been successiul.

A Tollow-up experiment based on
the WVI-AS field configuration is be-
ing planned at prezant. The investiga-
tions yadertaken within the scope of
this experimeni have alrezdy included
gtudies of steliarator reactors, 5o that
it can be assumed that such coil
syetems will also ba employed in the
futere.
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